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INVESTIGATIONS OF THE INFLUENCE OF THE PROFILE THICKNESS ON 
THE COMPRESSIBLE PLANE FLOT^ THROUGH COMPRESSOR CASCADES 

\ 


Jurgen Bahr* 


Considering the"’ sl)eciar~dperatio'nai "cdridl't'ibns of airplane 
turbine engines, we investigated the influence of the profile 
thickness on the flow processes in plane compressor blade cas- 
cades, over a wide range of Reynolds numbers and over the en- 
tire Mach number range of subsonic flow. The high velocity 
cascade wind tunnel of the Ge:^man research facility for aero- 
dynamics and space .flight (DPL) made it possible to indepen- 
dently change both variables.- From the results of wake mea- 
surements for determining the loss coefficients and the deflec- 
tion, and from pressure distribution measurements, it becomes 
clear that there is a deterioration of the flow properties of 
blade cascades with decreasing Reynolds number for thin profiles, 
-but it is much less than -for- t-hick- prof lies . This is especiraHl-y 
true in the upper range of Mach numbers investigated. On the 
other hand, it is advantageous^ to use thick -orofiles when one 
requires a favorable partial load behavior of the compressor. 

This is because thick profiles have a relatively large "useful" 
Incident flow angle range. ■ | 


1 . INTRODUCTION | , 

The development of flow machines is continuously attempting to im.- 

prove' the performance density in the machines, especially because of j 

their use in turbine engines. This led to an -increase in the flow ve-| 

locltles up to close to the speed of sound. At such high velocities, ■ 
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German Research Association was performed at -the Institute for Aero- 
dynamics of the German Research Facility for Aerodynamics and Space 
Plight (DEL) under the supervision of Professor H. Schlichting. The 
- -aut-ho-r^ gave partial results about [the work at the meetings of .the 
"Aerodynamics" and "Engines" subgroups of the Scientific Association 
for Aerodynamics and Space Flight J (WGLR) , on November 2 and 3j 19^1, 
in Aachen. I ! 
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it is important to know the influence of the profile thickness on the 
flow in axial turbo machines. For example^ the maximum throughput is 
for the most part determined by the profile thickness (blocking Mach 
number) . Prom this point of view, one would have to use thin profiles 
in order to- achieve the highest possible blocking Mach number. On the 
other hand, the high flow velocities require high flotation rates, which 
in turn requires a high strength of the blades, and therefore thick 

profiles. ’The profile thickness influences the flow conslderab ly | 

in the blade cascades at these very 'high velocities, but also over the 
entire subsonic range, as can be derived from measurements using single 
wings of various thlckness.es in the subsonic range [1, 2]. 

I-t is difficult to make a theoretical analysis, of an axial wheel, 
and experiments are also difficult. However, by unrolling single co- 
axial cylinder. 'segments into several plane blade cascades, it becomes 
possible to analyze them more easily. They are also more suited for 
fundamental research. 

Of the many publications on plane blade cascades in incompressible 
flow, we will mention several. L. J. Herrig and coworkers [3] discuss 
measurement results about the influence of profile thickness on plane 
compressor flows using NACA 65 series profiles. ¥. Held [4] established 
semi-empirical relationships for determining an optimum cascade for a 
given velocity triangle, and the pro file thickness is also considered. 
Also, B. Eckert [5] gave similar information about the influence of the 
finite profile thickness. In all of these Investigations, it was found 
that thin profiles are better in terms of losses and deflections, com- 
pared with thick profiles if the incident flow has.no shocks. On the 
other hand, large deflections [3] are possible by using thick profiles. 
Several extensive American investigations about plane compressor flows 
using the NACA 65-3eries profiles were concerned with the influence of 
curvature [6-8], and skeleton line load [6]. A summary about the in- 
fluence of the various cascade parameters was given by H. Schlichting 
[9]. 

In the range of compressible plane blade cascade flow, there are 
a number of publications. For example, there are publications about 
general experiments regarding the influence of Mach number [10-12], or 
methods for calculating pressure distributions in potential flow [13- 
16]. Systematic investigations about the influence of individual pro- 
file parameters- for .compresslhle flow have only been performed in 
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investigations of the influence of j curvature [17]. j. 

In order to clarify the influence of profile thickness on the plane 
flow through compressor cascades, we carried out experiments over the 
entire suhsonic range (incident Mach number Ma^ = w^/a^ = 0.30 to 0 . 80 , 
where w^ is the incident flow velocity, and a^ is the speed of sound in 
the incident flow). . For Reynolds numbers w^l/v^ = 0.5 x 10^ to 

6 X 10^ (where 1 is the blade chord and v^ is the kinematic viscosity 
of the incident flow). The change in Re^ is important for the following 
reasons. In fixed axial machines, especially in compressors, the Rey- 
nolds numbers which occur are above the critical ‘Reynolds number be- 
cause of the high velocity and the large air density near the ground, 
so that the blade boundary layers are completely turbulent*. In this 
case, the influence of the Reynolds number on the behavior of a blade 
cascade remains small [4, 5]. .In aircraft engines, on the other hand, 
which operate primarily at high altitudes, that is, at low air densities, 
the Reynolds numbers are much .smaller . Prom the diagram in [1,8], one 
can establish how the Reynolds number. Re^ changes with flight altitude 
,and flight Mach number. For example, for a flight Mach number of 1.5 

at a flight altitude of 23 km, the Reynolds number Re., in the engine is 

5 

only about 10^ of its value on the ground. ' If we assume Re^ = 5 x 10 
for installations on the ground, then at high flight altitudes, one can 
count on Reynolds numbers of Re" = .5 x lO . In the .range of incident 
Reynolds numbers of 0.5 x 10^ < Re^ < 5 x 10^[] there are considerable 
changes in. the aerodynamic coefficients with Reynolds number (see for 
example [19]. Therefore, we expanded the described cascade investiga- 
tions to this range of Re-j_. 

The Mach number range which occurs in the engine is between that 
of almost incompressible flow and the blocking Mach number (Ma^^ = 0.2 
to about 0 . 9 ). Since in the upper Mach number range, the aerodynamic /15 
coefficients change very much with Mach .' number, as is .known from single 
wings, there is an urgent requirement "to investigate cascades using in- 
dependent changes in Mach number and Reynolds number. 


*With an incident flow velocity wq = 260 m/s (Msq = O. 8 O)., a blade_g 
chord of 1 = 40 ram and a kinematic air viscosity of vq = 2.0 ^10“ 
m^/ s Oil *fcii0 gx’ou.nd.^ "biiG R.GyrioXcis bscoiUGS >^| 5 ^ 

10 ^. > ' 
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In additioHj at s-mall Reynolds number the degree of turbulence of 
the flow has a substantial 'influence on the aerodynamic coefficients of 
a blade cascade. This was discussed in the publications by H. H. Hebbel 
[25]. ' 

In our investigations y we used slightly curved NACA -65 Series pro- 
files [20], which have been developed in the United States for blades 
in axial compressors. The profiles only differ by their thickness. The 
entire program is structured into an experimental part (wake measure- 
ments and pressure distribution measurements) and. a theoretical part 
(investigation of potential theory pressure distributions). For the 
most part, the -influence of the profile thickness for constant cascade 
configuration and constant cascade division was investigated. In ad- 
dition, we show briefly how the thickness influence differs when there 
is a change in the grid division ratio. In the high velocity cascade 
tunnel, [21, 22] which has often been described the wind velocity can 
be varied from 10 .to 300 m/s, and at the same time the static pressure 
can be changed from 0.05 to 1.0 at, at any wind velocity. Therefore, 
it is possible to independently change Reynolds number and Mach number 
over the entire Reynolds number and Mach number range given -above. 


2 . EXPERIMENTAL INVESTIGATIONS 

2 . 1 Test Execution and Evaluation : 

2 . 11 Blade cascade, measurement programs, and test configuration: 
The measurements were performed using plane compressor cascades, made 
up of blades with the profiles NACA 55-604, 65 - 6 O 6 , 65 - 608 , 55-610, 
and 65-612 of the NACA 65 series [20]. Figure la to le shows the pro- 
files used, which differ by their thicknesses of 4, 6, 8, 10, and 12^ 
of the blade chord 1. The blades had a chord of 1 = 60 mm and a length 
(span) of-h = 3 OO mm. They were used without turbulence producers. 

The investigations were made for only one blade angle -130°, 

but for three division ratios t/1 = 0..75, 1.00, and 1.25, according 
to Figure 2a through. 2c (where t is the blade division). Most of the 
investigations were done for a division ratio of t/1 = 1.0, for which 
the incident flow angle was changed over the entire useful range. 

In the case of cascades with the smaller and larger division ratio, 
the measurements extended only over one incident flow angle in the 
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Figures la - Ic; Profiles used. 

a- blade length b- profile 1- blade chord 

a) Profile NACA 65-^04, b) Profile NACA 65-606 
c) Profile -NACA 65-608 d) Profile NACA 65-610 
e) Profile NACA 65-612; the profile coordinates 
can be taken from [20]. 


range of incident flow directions -without shocks. Table 1 gives the 
measurement program. 

The measurement program included the following: 

1. Wake measurements in the central section over one division t 
at a distance of e = 0.5 1 = 30 mm from the cascade outlet plane. 
Figure 3; 

2. Pressure distribution- measurements on a profile contour in 
the center of the blade. We were able to produce pressure distribu- 


tion measurement blades only for -the three profiles with the maximum 
thicknesses of d = O.O 8 1, 0.10 1 and 0.12 1. The other profiles were 



Figures 2a - 2c: Cascades Investigated. 

a- blade length b- profile c- cascade front 
c'- trailing edge plane 1- chord t- division, -• 
w^_- incident flow velocity, incident flow 

angle l40°, blade angle (for all cascades, 

130°)T. a) cascades with t/1 = 0.75, g-. = l40°; 

b) cascades with t/1 = 1 and g, = 130 to 150°, 

c) cascades with t/1 A. a. 25 and 3i = 1^10°. 
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We measure the following variables (see Figure 3): stagnation pres- 


sure of incident flow Iq^ “ Ppi (where p^^:is/thejtotal pressure, and p^ is the I 
static pressure of incident flow), the local total pressure loss Ap (y’) 

O 


= Pg^ - Pg 2 ^y’^ (where Pg^Cy 
measurement plane and y’ is 


’ ) is the local total pressure in the wake 
the coordinate parallel to it), the local 


static pressure difference Ap(y’) = P 2 (y’) “ with P 2 (y’) Phe local 
static pressure in the wake measurement plane, the local outlet flow 


angle &2^y'^ wake measurement plane, and the static pressure di- 

ference p(x) = p^ along the profile contour (where p(x) is the static 
pressure on the profile contour at a distance x from the nose in the 


chord direction). The two-dimensional directional probes used in these 


wake measurements were described by U. Hopkes [11]. 

The degree of turbulence of the cascade wind tunnel (where 

U is the average flow velocity, u' is the turbulent fluctuation velo- /15 
city, and ^ is the time average of u'j’ ) lies between 0.9 and 1.6% 


L2k, 251 in the investigated Mach number and Reynolds number range. 

It is independent of the incident flow velocity and decreases with de- 
creasing pressure level in the tunnel somewhat. The tunnel boundary 
layers, especially the side-wall boundary layers in the range of the 
cascade, were not sucked off. For a blade height ratio of h/1 = 5', there 
is a sufficiently large range of about 3 to ^1 1 in the center of the cas- 
cade which is available. The static pressure p^ of the incident flow, 
which is picked off at adjustable measin?ement points, was matched to the 
pressure of a static calibration probe before each wake measurement and 
, the taps were located at a different distance of 1 blade chord ahead of 
the cascade shown in -Figure 4. The cascades consisted of 7 or 9 blades, 
depending on the division ratio. In order to match the test configura- 
tion to the cascades with infinitely many blades, there were adjustable 
direction vanes at a distance of one-half of the 'division on the top and 


bottom sides of the cascade, which were curved according to the skeleton 
lines of the blade . (see Figure 4). By turning these directional vanes 
around their ro'tation^ points, _ it was jpps sib le_ to equalize the static 
pressures p and p^ along the top and bottom floor to the static pres- 
sure p^ of the incident flow. 

2.12 Evaluation of measurements: The wake measurements were done 


using the momentum method of N. Scholz [23] (see Figure 3). In this 
method, which is well-known for a single profile, the inhomogeneous 
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Figure 3: Notation for the blade cascade for evaluating wake measure- 

ments according to [23]. 


a- blade length b- profile c- cascade front c-’- trailing 
edge plane (cascade exit plane) dt maximum profile thick- 
ness, 1- blade chord, t- division, 3s~ blade angle, x and y 
coordinates in' the direction of the blade chord and perpen- 
dicular to it. I- cen'bral streamline between the bladejs_,_l] 
plane for the undisturbed incident flow (velocity W]^), flow 
angle jj., static pressure p]_, total pressure Pgi, velocity 
distribution IIi), 2 plane in the undisturbed outflow (velo- 
city W2, flow angle ^2? Astatic pressure P2, total pressure 
pg2, velocity distribution Il2j 2' wake measurement plane at 
a aistance e from the cascade, outlet plane (velocity W2 (y'), 
flow angle 3(y’)j static pressure P2(y')j total pressure 
Pg2 (y*), velocity distribution II2’,) x’ and y*- coordinates 
perpendicular to the plane 2', K control surface. • 


flow of the wake is. calculated close to and behind the cascade, and 
from this one calculates . the homogeneous flow .very- far behind the cas- 
cade using the momentum theorem. The final results of measurement are 
given for the homogeneous flovj farlbehind the cascade. N. Schulz de- . 
veloped these momentum measurement ^methods for incompressible flow, but 
G. Kynast [26] showed that it can also be used for compressible flows 

t 

in this form. ; 

In compressor cascades, the aerodynamic coefficients are usually 
referred to the stagnation pressure q-j_ of the incident flow. If p^ is 
the total pressure, and p is the stationary pressure, and if subscripts 


V 




Figure 4: Diagram of Test Configuration 

a- channel walls b— directive vanes c- cascade blades 
d- wake measurement planes e- vrake probe (can be dis- 
placed parallel to d') ; f- static calibration probe 
g- static taps in probe A adjustable measurement point 
for static pressure P 2 of incident flow, B rotating point 
for the directive vanes, L blade chord t division, p^ 
and Pu static pressure at the top and lower channel walls 
ahead of cascade; w^ flow velocity 


Table 1: Measurement Program 



incident Mach number Ma^^- 0-3P to 0.60 

incident Reynolds no. Re-i I o,s io‘< i • lo*. 2 - lo*. 4- io‘, 

i 0 io> 


*For t/1 = 0.. 7-5 and 1.25, measurements only at $2 ~ 1^0®. 

**The investigations at Re]_ = 6 x 10 ^ were restricted because of the 
performance limits of the high velocity cascade wind tunnel and the 
strength of the blades. The results are substantially different from 
those at Re^^ = 4 x lo5. We will not present them here. 
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1 and 2 apply. for the incident flow Cplane 1 in Figure 3)j and for the 
homogeneous outflow (plane 2 ), then the- dimensionless total pressure 
loss is given by the following 'for^mula; that is^ the total loss coef- 
ficient C Vj^ referred to q^: j 


fvi- 


_j 

Pel ~ Pei ' 

qi ■ ■ 


( 1 ) 


and the dimensionless static pressure conversion is given by 


> ^ — Pi , 


(2) 


where Ap = P 2 - p^^. By integrating the local dimensionless total pres- 
sure dlfference.CP Ki — measured between plane 1 and the wake measure- 

1 

ment 2 ’ and by”. integrating the local dimensionless static pressure dif- 
ference over a division t, one. first obtains the dimension- 

less average velocity total pressure loss 

I /+t 


G 


=1 S 


— Pcs (y') 




dy' , 


(3) 


and the dimensionless average static pressure difference 


V'-t-t 


II-tS, 


P2 iy') - Pi 


y 


91 


dj/' 


(4) 


The third wake measurement variable, the local outgoing flow angle 
was only measured at several points outside of. the wake depression. 

From these measured values, we calculated the average departing flow /17 

r 

angle ^ 2 ^ using arithmetic averaging. 

The recalculation of the average values G, P, and 32 ^^ for homo- 
geneous outgoing flow conditions [very] far behind the cascade (plane 2 ) 
is used in the correction quantity jK, which was calculated universally 
by N. Scholz [231a and is given inja nomogram. One finally obtains the 
loss coefficient f^e dimensionless static pressure conversion Ap/q^, 

and the departing flow angle 32 from the following equations : ’ 


fvi =0.- K 


(5) 


Ap 


r + 2 if- sin* /?2m. 


( 6 ) 
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( 7 ) 


t 'Ct|* Pi = ^ _ p ' _ Ctg p2m I 


Details of the calculation can be taken from [23]- 

The quantity C ■, is calculated using equations (3) arid (5) with 

V , 

consideration of the blades in the| cascade configuration. This loss 

' I 

coefficient therefore depends onthe division ratio t/1, even though 
the' aerodynamic processes over the f individual blades remain the same 
'when t/1 is changed. In order to analyze the Influence of the profile 
thickness with variable division, it is appropriate to make the loss 
coefficient independent of the division ratio. By' multiplying with 
the division ratio,, .we .o.b.taln-.- the "fraction profile loss coefficient" 


i 

\ 


! tvpi == ‘.VI y 


C8) 


I which corresponds to the drag coefficient c^ of an* individual cascade 
blade [23, 26], (see also section 2-;22). Prom the pressure distributions 
jmeasured in the central section of !the blade contour, we form the di- 
Jmensionless pressure coefficient | 



t 


land then plot[ i'fc as the function of the profile coordinat e x7 l. In | • 
{order to determine the critical Mach number .for which the speed 

.of sound is reached at the blade contour, the critical pressure coef- 
ficient must be known CCpj^^) . It is found according to [10] as follows 




\ Cpicr — 


(i+V .j 


( 10 ) 


I i 

I 

.and for a certain flow medium, depends on the ratio of the specific 
■heats and the Mach number’ Ma^ only.' 

i 

I 

'2.2 Discussion of Measurement Results 

2.21 General Remarks . Before | we will discuss the influences of ■ 
■the profile thickness on the flow, {through compressor cascades, we will' 

I 

make -some -general- -remarks -re.garding,- the J.-n-fl.uence. of- Mach .number .and 
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Figure 5: Influence of incident Reynolds number Re^ on the cascade 

polar • 

Cascades from blades' with the- profile NACA 65-612 with the 
blade angle 3s = 130° and the division ratio t/1 = 1 for an 
incident Mach number Ma^ = 0.3* 



Figure 6: Influence of the incident Mach number Ma^a on the loss co- 

efficient , for different incident' Reynolds num.bers Re^ , 
for an incident angle of flow 3^ _= l40° in the center of the 
polar. Cascade like in Figure 5.; Ma-,. is the critical in- 
cident Mach number. 


Reynolds number on the boundary layer flow over blade profiles. 

If we plot the loss coefficient of a cascade over the incident 
flow angle 3^^ (cascade polar) for different Reynolds numbers ^ then it 
is found that in the Reynolds number range 0.5 x 10^ < Re^ < ^ x 10^ 
depends substantially on Re^ as well as 3^. As the Reynolds number de- 
creases, the losses Increase, especially in the center of the polar, 
which is a region of incident flow without shocks. 

The influence of the Mach number on the cascade losses can be seen 
in Figure 6. One can also see that the influence of the Mach number 

is great and depends greatly on Reynolds number. At high Reynolds num- 

5 

bers, (Re^ = 4 x 10 ) , the increase o-f is relatively small in the 
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lower Mach number range, as Ma^^ increases. It is only in the vicinity 
of the critical Mach number that it is greater [11]. For small Rey- 
nolds number, the' loss increase starts already at smal'l Mach numbers, 
far away from the critical Mach number. The relatively great influence 
of Ma^^ and Re^ on the flow through, a blade cascade below the critical 
Mach number is based onprocesses in the blade boundary layer. ¥e mean 
primarily boundary layer separations. The dependence of- the non-sepa- 
rated boundary layer on Ma^ and (see [ 27 ]) can be ignored in this 

discussion. Three different kinds ' of boundary layer separation occur: 

1. Separation of the larainary boundary layer, 2. Separation of the 
laminar boundary layer w,il;h turb.ulent reattachment _ 3- Separation of 
turbulent boundary layer. The processes during complete separations 
according to 1. and 3. are known according to [273- In' the case of the 
'so-called separation bubble, according to 2., this is a special form of 
transition from laminar tO' the turbulent boundary layer [28]. Figure 

I 

7 is a diagram of the structure of 'such a bubble. It assumes a laminar 

I 

.incident boundary layer, and it separates from the blade as the pressure /l8 
•increases. The separator boundary layer becomes turbulent and reat- 
^ taches to the blade again. ! 



Figure 7: Schematic (non-scaled) design of a laminar separation bubble. 

a) body contour b, c) laminar and turbulent boundary layers, 
d) separation bubble e)^ flow direction f) tangent at the 
separation parallel to body contour, A separation point, 

B beginning of transition in boundary layer to the turbulent 
state, C position of reattachment a^, angle of turbulent jet 
propagation. 


The dependence of the laminar 'separation bubble on the Mach number 
and Reynolds number is determined by the manner in which the separation 
point and the reattachment point depend on these two variables. The 
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Figure 8a — 8d: Influence of incident. Reynolds number Re^L and incident 

Mach, number Ma]_ on the pressure distribution around the 
profile • characterized by the pressure coefficient Cp 
given by equation (9). Division ratio t/1, blade angle 
= 130*^3 incident flow angle Re^; 

a)jb) curves with Reynolds number RO]_ as the parameter 
at Max- = 0.7 for the cascades made up of blades with a 
profile NACA 65S08 or NACA 65-612, c), d) curves 

with Mach no. Maq as a parameter at Re^ = 2 x 10^ for 
the cascade made up of blades with a profile NACA 65-608 
or NACA 65-612. 


calculation of the laminar boundary layer for a lifting profile for 
compressible subsonic flow using the method of E. Gruschwitz [29] showed 
[27] that the separation point migrates upstream somewhat with increasing 
Mach number. On the other hand, the Reynolds number has no Influence on 
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the position of the separation point. Both results are confirmed by 
the new measiarements shown in Figures 8a through 8dj which is an example 
of press;jre disributions of two compressor cascades with profiles of 
various thickness j once with the Reynolds number, and once with the 
Mach number as a parameter. 

A simple law was found for the reattachraent point, and. this point 
cannot be derived theoretically Csee for example Figures 8a through 8d) . 
It is independent of the Mach number, and with increasing Reynolds num- 
ber it is displaced somewhat upstream. Since the transition point, 
which lies ahead of the reattachment point, cannot be derived from the 
pressure distributions, is directly related to the reattachment point 
and the neutral point*, this experimental result agrees with the result 
of theoretical calculations of the neutral point [2?]. Accordingly, 
the Mach number only has a very small influence on the neutral point 
in the case of an impermeable wall, and it moves upstream with increasing 
Reynolds number. This means that as Mach number increases and Reynolds 
number decreases, a laminar sepa;ratlon bubble becomes larger, and in this 
way increases the profile losses. 

2.22 Influence of Profile Thickness on Losses; According to the 
previous discussion, one should expect a great deal of dependence of 
the profile thickness influence on Mach number and Reynolds number. 
Figures 9a through 9t show the results in the form -of cascade polars 
(loss coefficient plotted against where the profile thickness 

is a parameter, or the profile used) for different Mach numbers and 
Reynolds numbers. This shows the following: 

1. The polars become wider with Increasing profile thickness, 
especially the right branch of the polar; that is, for large incident 
flow angles (large load on the cascade). 

2. The losses in general Increase with increasing profile thick- 
ness . 


*The neutral point of a laminar, boundary layer flow is the point on 
the body in the flow where the Reynolds number formed with the path 
length or boundary layer thickness reaches a value which indicates 
' laminar flow according to the stability limit theory. Above this cri- 
tical Reynolds number, the boundary layer is unstable, and can be 
transferred into the turbulent state under certain conditions. 
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3. The loss increase wi-th profile thickness depends on the inci- 
dent flow angle and reaches especially high values in the center of the 
polar .(-in the region of incident flow direction without shocks). 

M . With decreasing Reynolds number, and increasine: Mach number, 
the influence of the profile thickness on the losses increases. 

Prom the results of the smallest Mach number Maj^^ = O. 3 O, we will 
discuss the circumstances which will determine the variation of the 
polars. We already, pointed out that the Reynolds number is very impor- 
tant in these processes. For the largest Reynolds number Re^ - 4l.x -1-0^, 

the polars differ only by the increasing width as the profile thickness 

5 

increases. For smaller Reynolds numbers Re^^ = 2 x 10 , in addition /19 
there is an increase in the losses in 'the center of the polar as the 
profile thickness increases. For -Re^ = 1 x 10 , this influence is even 
greater. For the smallest Reynolds number Re^ = 0.5 x 10^, it is the 
most pronounced. 

Losses like this in the center of the polar, which is the region 
of the incident flow angle which' is usually the most favorable and has 
no shocks, 'are based on separation phenomena of the laminar; boundary 
layer. Either there is a complete separation or a separation bubble 
(laminar' separation with turbulent reattachment, as already discussed 
in section 2.21). 

At Re^ = X 10^., the Reynolds number of the outer flow is so great 
that the boundary layer transfers at the correct time and for the most 
part there is no separation of the formation bubbles. The polars differ 
only in terms of width, but the boundary layers in the central polar 
region are not completely turbulent at this Reynolds number*. It is 
only for large incident flow angles that the suction side boundary layer 
undergoes transition already at the profile nose, because of the large 
suction peaks ,. whereas the boundary layer at the bldde pressure side is 
still laminar here. The increase in the losses on the right polar 
branch, which starts already for small Incident flow angles for thin 
profiles, must be attributed to the completely turbulent boundary layer 
on the blade suction side, which always will bring about higher loss 
coefficients than a partially turbulent boundary layer with a laminar 
feed part, even though no or very small separation bubbles are formed. 

*The critical Reynolds number of the investlgatiid* profiles is above 
4 X 105 for the degree of turbulence of the high velocity cascade 
wind tunnel. 
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Figure 9a - 9t: Influence of profile thickness on cascade polars for 

various values of the incident Reynolds number Rej^ and 
the Incident Mach number Maj_. 

Division ratio and blade angle as in Figures 8a - 8e; 
a) to d) - polars for Re^ = 0.5 x 10^ for Ma^^ = 0 . 30 ^ 
0 . 50 , A- 60, -or 0..70; e) to i) - polars for Rej^ = 

1 X lOftat Ma^ = 0.30, 0.50, O.6O, 0.70, or 0.80; 
k) to o) - polars for Re^ = 2 x 10^ for Maj_, like in 
e) to i); p) to t) , polars for Re^j^ = x 105 for Maj. 
as in e) to i) . 
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At even greater incident flow angles ^ the losses increase again because 

of the beginning trailing edge separation. 

! 5 . . 

By reducing the Reynolds number to Re^ = 2 x 10 the transition 
point of the separated laminar boundary layer migrates dovmstream, 
whereas the separation point is independent of .the ■ Reynolds number at 
the same point, as shown in Figure 8. In- general the bubbles become 
larger, so that the influence of profile thickness can develop to a 
high degree. ¥e will discuss why the loss coefficient changes so much 
with a profile thickness; for example, Re^ = 1 x 10^. If we compare 
the pressure distributions of the profiles of various 'thickness for an 
average incident flow angle. Figure 10a, then one finds a large change 
in the pressure distribution and therefore in the boundary layer flow, 
both on the suction side and the pressure side. The size of the bubble 
increases with increasing profile thickness . The separation' point mi- 
igrates ■] upstream, whereas the reattachment point changes hardly at all. 

In addition to this purely geometric change in the bubble, the loss 
is determined essentially by the pressure increase in the reattachraent 
point region, which Increases greatly with increasing profile thickness. 
The consequences of an increased pressure increase are thicker boundary 
layers and therefore higher losses. At large incident flow angles, /20 
the processes onthe blade suction side orimarily determine the behavior 
of the cascade -shown in Figure 10b'. The inc'ident flow angle in this 
example also lies in' a range in which thin profiles have especially 
high losses due to the excessive cascade angle of attack (see Figure 
9e) for Re^ = 1 x 10^, Ma^ = 0.30 ‘at = 1^7°- The pressure distri- 
butions in Figure 10b can be used to derive the following boundary 
layer behavior. The pressure variation on the profile underside re- 
mains almost independent of profile thickness.. The boundary layer is 
laminar. On the other hand, on the suction side, there i-s a small 
separation bubble in the case of 'the thickest profile (d/1 = 0.12). 

The laminar incident boundary layer keeps the loss small. The next 
thinner profile |(d/l = 0.10) has a completely turbulent boundary layer, which isj 
associated with higher losses. The even greater loss coefficient for 

d/1 = 0.08 is based on the beginning tnrbulent trailing edge separation. 

I ^ 

The Reynolds number Re^^ = 0.5 iX 10"'^ is so small that there is no 
longer a bubble in the region of the central polar, because the transi- 
tion occurs too far do'wnstream. This completely laminar boundary layer 
separation is intensified with increasing cascade angle of attack, and 
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Figure 10a - 10b: Influence of profile thickness on the pressure 

distribution around the profile characterized by 
the pressure coefficient c^ according to Eq. (9). 

Division ratio t/1, blade angle gg = 130° ^ in- 
cident flow Reynolds number Rej_ = 1 x 10^, inci- 
dent Mach number Ma^ =0.30. a) pressure distri- 
bution for average blade load, incident flow angle 
= 135 ° j h) pressure distribution for large 
blade load = l47°). 



Figure 11a - 11c: Dependence of thickness Influence on the profile 

loss coefficient on the division ratio t/1. 


Blade angle 3s = 130°, incident flow angle 3i = l40°, 
division ratio Rej_ = 2 x 105; a) to e) - results 
for t/1 = 0.75, 1 and 1.25- 
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flcient Cp, given by Eq. (9). Blade angle Sg = 
130 °, incident flow angle incident 

Reynolds number Re^ = 2 x 105^ incident Mach 
number, = O. 6 O; a) - b) - for t/1 = 0.75 
and 1 . 25 . 


results in very high losses. The transition-enhancing effect of /21 

the suction peaks only becomes effective at relatively high incident 

5 

flow angles, compared with Re^ = 1 x lO-"^, 

and this results in a sudden and sometimes substantial decrease in 
the loss coefficient. If the incident flow angle is increased fur- 
ther, the loss is increased because of the turbulent trailing edge 
separation. 

The previously-described processes only depend on Mach number to 
the extent that with increasing Ma^ the separation point migrates 
upstream, so that the loss coefficients in general increase. After 
the critical Mach numbers lare exceede<i the boundary layers are disturbed 
by the compression shocks, which leads to very high losses. The 
critical Mach number depends on the incident flow angle. Because the 
polars are reached more easily in the vicinity of the profile nose than 
in the central part, because of the large suction peaks, -the polars 
become narrower. 

Finally, let us discuss the influence of the profile thickness 
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Figures 13a - 13d: Comparison of the Influence of profile thickness 

on the loss coefficient and the deflection AB 

Blade angle 3 = 130°, division ratio t/1 = 1, in- 
cident Mach number Map = 0.50; a) and b) - loss 

coefficient for incident Reynolds numbers, Re^ = 

0.5 X 10^, or 4 X 105; c) and d) - deflection at 
Rep = 0.5 X 105 or 4 x 105. 

when there is a changing division. It is appropriate to use equation 

(8), the profile loss coefficient which does not depend an the 

division ratio t/1. 

As t/1 increases, the polar of a blade cascade becomes narrower 
in general [9]. This is a consequence of a reduced guidance of the 
flow in the cascade. Considering our investigation, one can raise /22 
the question whether for average incident flow angles (in the range 
of incident flow without shocks), the change in the division has an 
effect. - As long as there are no or very small separation bubbles at 
sufficiently high Reynolds numbers, the influence of the profile 
thickness for the most part will remain independent of the division 
ratio. It is only at smaller' Reynolds numbers that the Influence 
becomes substantially greater with decreasing division, as the plot 
of versus Ma^ shows, where profile thickness is a parameter, for 
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Figure iMa - l4u; Cascade polars of the investigated profiles in a 

plane compressor cascade with the incident Mach 
number Mai ^ parameter for various incident 
Reynolds numbers Rei. 

Divi si 0^1 ratio t /1 = 1, blade angle g,g =-130°; a)' to e ), at Rei, 

f?S tr n C'4 PrsnCTloc tT/lPfl f^flK fiR— fl nnrf! fiR— 


10.5 X 10^ for Profiles NACA 65-60 4 ^ 65-606, 65-608, 65-610, and] 65-612 j 
f) to k) - at Rex x 1 x lOb for profiles as in a) to e); l) to p) 
at Rei = 2 X 10* for profiles as in a) to e); q) to u)- at Rei = 
4 X 105 for the profiles as 'in a) to e) . 













Figure 15a - 15u: Deflect ion'Ag of ithe investigated profiles in a plane 

compressor cascade with the incident Mach number Ma^^ 
as a parameter for different incident Reynolds number. 
• Re^. i 

Caption same as in Figures l4a - l4u. 

\ 

different division ratios (Figure 11a - 11c). In the flow channels 
which are narrow for small division values, a change in the profile 
thickness brings about a greater change in the velocity . distribution 
or pressure distribution than for a large blade separation (Figures 
12a - 12b). This has a .special effect on the pressure Jump in the 
region of the rea-ttachment point of the separated boundary layer, which 
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itself has a great influence on the thickness of the reattached boun- 
dary layer, and on the losses. | 

2.23 Influence of Profile Thickness on the Deflection : One can 

establish a direct relationship between the -loss coefficient and the 
departing flow angle, that is, the deflection, by consideration of the 
processes in the boundary layers. 'Figures 13a. - 13d give an example 

of the loss coefficient and the deflection A3 = Mach 

number and two Reynolds numbers. It follows from this 'that there is a 
large influence of the profile thickness on the losses, and for the 
deflection as well (Re^ = -.5 x lo5). it is found that large losses 
are connected with siriall deflections, and vice-versa. If the loss 
coefficient depends slightly on the profile thickness, the changes 
in the deflection also remain small (Re^ - 10^). 

2.24 Influence of Mach Number and Reynolds Number on aerodynamic 

,coef ficients : Figures 14a to l4u and 15a to 15u show the cascade 

polars and the deflections of the five- Investigated profiles with 

jMach number as a parameter of the different Reynolds numbers . The 
\ ^ 

'influence of Ma^ and Re^ was already discussed in journal terms, in 
section 2.21, so that we do not have to give a detailed discussion 
;of Figures l4a to l4u and 15a to 15'u. 

, 2.25 Influence of Profile Thickness on Critical Mach number. By 

; critical Mach number we understand the value of Ma^, for which 

•the speed of sound is reached locally over the profile. Above the 
critical Mach- number,- there are supersonic fields with compression 
shocks, which have a great influence on the boundary layers and lead 
Ito increased losses. 

In order '--to determine the smallest pressure over 

the profile must be known. -It can be found from the pressure distri- 
bution (Figures l6a and b). If one plots the values for the smallest 

pressure coefficient c . = [p • (x) - p-, l/d:, according to Figure 17 

pinin min ^ i i 

as a function of Mach number, then it he critical Mach 'number is found 
as the Intersection point with the ;curve = f (Ma^) according to 

'.equation' (10) . S 

Figures l8a to l8c show 'for three profiles as a function of 

'incident flow angle for different Reynolds numbers. In the range of 
incident flow without shocks, (3^ ^ l40°), the curves have a maximum 
because here the pressure distributions havethe smallest suction peaks. 
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Figure l6a - l6b: Determination of the smallest pressure coefficient 

^pmin dimensionless pressure distribution 

around the profile. Division ratio t/1 = 1^ blade 
angle 3g = 130° ^ Incident flow angle = 1^0° ^ 
incident Mach number Map = 0.50; a) and b) - for 
the incident Reynolds numbers Rep =-1 x i05,and 
4 X 105. 


Figure 1? : 



Example for determining the critical incident flow Mach 
number from the dlmen'sionless pressure coefficient 

around the profile. 
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'Figures l8a - l8c: Influence of profile thickness on the .critical Mac-h 

I number Ma]^j^3o as a function of the incident flow 

’ angle for different Reynolds numbers Re^^. 

; - ‘ Division ratio !t/l = !♦ blade^angle B 5 . = 180.8_. ^ 

! a) to c) - forlRe^ 0 . 5 x 10&, lxl05" or_ M'„x 10 5.) 

I 

i 

' \ 

* There is only a large influence of 'the profile thickness for large In- 
' cldent flow angles, compared with the. angle for incident flow without 
^shocks. The critical Mach number, | therefore, decreases with decreasing 
'profile thickness. This is because the smaller nose radii of the thin 

i * * 

^profiles produce higher suction peaks in the flow around the blade 
'leading edge. { 

' As the Reynolds number decreases ,- increases. This is due 

to the effect of boundary layer separation, which Influences the flow 

' I 

upstream in such a manner that the j suction peaks are reduced (Figure 
‘‘l6a and l6b). The more extensive the separations, the greater will 
'be their influence. 

f 

’ 3. THEORETICAL ANALYSIS 

'3.1 Computer Program | 

The theoretical analysis of the ‘laminar, separation bubbles, which, 
have a substantial influence on the flow through a blade cascade for ‘ 
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Table 2: Computer Program. 


i 

Investigated Quantity. 

Profile 

NACA 65-.S04, NACA 65-6.08, NACA 65-612 

Blade angle 3 

130° 

Division ratio t/1 

1 

Incident Flow Angle 3^ 

■ 135°, 140°, 145°, 150° 

Mach number Ma^ 

0, 0.4, 0.8 


small Reynolds.’ numbers cannot yet be performed. In the following, we 
will only show that based on potential theory pressure distributions, 
in conjunction with experimental results, one can derive Information 
about the occurrence of separation bubbles and predict the behavior of 
blade cascades when individual cascade profile parameters are changed. 
Using the methods of H, Schliehting' -[30] , as well as H. Schlichting /24 
and E. G. Peindt [13],' we calculated pressure distributions. In the 
first case, this is a singularity method for incompressible flow. The 
second method is based on the use of the Prandtl-Glauert rule, for the 
cascade, and considers the influence of compressibility at high subsonic 
• velocities . 

3 . 2 Results 

Figures 19a to 19m show the calculated dimensionless pressure dis- 
tributions’ where profile thickness is the parameter for different values 
of 3^ and Ma^. The substantial influence of profile thickness at small 
incident flow angles decreases with Increasing incident flow angles. 

The belhaviorsi of the suction peaks and the pressure gradient are 

\ 

the most important factors for boundary layer separation. The incident 

r~\ 

flow angle also plays a role here. | At a moderate incident flow angle! ; 
(3^ = 135 ° and l40°), the smallest , pressures prevail in the center of 
the blade for the thick profiles. 'Since the pressure gradients in this 
case remained relatively small, one would only expect a noticeable in- 
fluence of profile thickness when laminar boundary layers occur over the 
blades at Reynolds numbers (see Figures 9a to 9t for Re^^ '< 2j x 10 ) . 
Laminar boundary layers are very sensitive to increasing pressure. The.y 
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pressure coefTicfent 


Figures 19a - 


^ dimensionless profile coordinate [avi • ' „ 

19m: Calculated ■ dimensionless pressure distributions 

around the profile for pure potential flow for dif- 
ferent profile thicknesses, different incident flow 
angles 3^ and different incident Mach numbers Ma^. 

Division ratio ’t/I = 1, blade angle 3o = 130°, 
d- maximal profile thickness; 1- blade chord, 

D and S- variation on .the pressure and suction side; 
a) - d) - for Ma]_ = 0 at 3n = 135, l40°, 145° and 
150°, e) - h), for Ma^ = at 3]_ according to 

a) and d') ; i) m) - for Ma^^ = 0.8, for 3i according 
to a) and d) . 


have a greater tendency to separate from thick profiles than- from thin 
profiles. In addition, the wake becomes wider because of the greater 
pressure increase- and produces higher losses. At high Reynolds numbers. 
Figure 9a to 9t for Rei = 4 x 10^, 'where the boundary layers are turbulent 







at least downstream from -the suction peak^ and therefore produce sub- 
stantially greater pressure increases, there is hardly any influence 
of a change in profile thickness, 

If one increases the incident flow angle, then the- suction peaks 
will appear in the leading edge area because of the sharp flow around 
the profile nose. Now, one finds that the thinner profiles produce 
the greater suction peaks because of- their pointed noses. Related to 
this are the very great pressure increases, which make laminar boun- 
dary layers undergo transition and which make turbulent boundary layers 
separate.. For large cascade angles of attack, this means that thin /25 
profiles are in much' greater danger of separation. The Reynolds number 
plays no role here because the extremely sharp suction peaks result in 
turbulent boundary layers even for low Reynolds .numbers. 


4 . REFERENCES 


1. Riegels, F. : Aerodynamische Profile (Aerodynamic Profiles). 

Munehen; , R. Oldenbourg 1958. 

2. Abbott, I. H., and Von Doenhoff, A. E.: Theory of wing sections. 

New York: Me Gr aw. Hill Book Company, Inc., 1949. 

3. Herrig, L. J.-, Emery;. J. C., and Erwin, J. R. : Effect of section 

Thickness and trailing-edge radius on the performance of NACA 
65-series compressor blades in cascade at low speeds. Nat. adv. 
Comm. Aeron, (NACA), RM Nr. L 51 J l6. Washington, 1951. 

4. Held, W. : The design of Delay Cascades of Axial Turbo-machines 

using simple approximate relationships. Technik l4 (1959) j 
Nr. I S, 3/10. 

5. Eckert, B.: Axialkompressoren' und Radialkompressoren (Axial com- 

pressors and Radial Compressors), Berlin-Goettingen-Heidelberg; • 
Springer-Verlag 1953. ; 

6. Erwin, J. R. , Savage, M. , and Emery, J. C.: Two-dimensional Ibw 

speed cascade investigation of NACA compressor blade sections 
having a systematic variation in meanli-ne loading. Nat. Adv. 
Comm. Aeron. (NACA), TNNv. 3817, Washington, 1956. 

7. Herrig,, L. J., Emery, J. C., and Erwin, J. R. : Systematic two- 

dimensional cascade tests of NACA 65-series compressor blades 
at low speeds. Nat. adv. Comm. Aeron. (NACA) TN Nr. 3916. 
Washington, 1957. I 

8. Emery, J. C.: Low-Speed cascade investigation of compressor blades 


28 



I 

having loaded leading-edges. Nat. adv. Comm. Aeron. (NACA), 

Tn nr. 4178, Washington, ■ 1958 . 

9. Schlichting, H. : Application of Boundary Layer Theory to Plow 

Problems in Turbo-machines. Siemens - Z. 33 (1959)3’ Wr. 7 S 
429/38. 

10. Crewe, K. H. : Pressure distribution measurements and theoretical 

comparison calculations for plane blade cascades at high sub- 
sonic velocities. Forsch’. Ing.-Wcs. 25 (1959) 3 Nr. 1,'p. l-l6. 

11. Hopkes, U.: Influence of Mach, number for plane blade cascade flows, 

wake measurements and comparison calculations at high subsonic 
velocities. Porsch.— Ing. Wes. 26 (19^0), Nr. 53 P- l4l-52. 

12. Lindner, E., Langer, L. and Bahr, A.; Plow properties of straight 

blade cascades for compressible flow. Technik I6 (1961), 

Nr. 6, p. 441-45, Nr. 7, P- 505-509, and Nr. 8, p. 575-578. 

13. Schlichting, B. , and Feindt, E. G.: Calculation of ’ frictionless 

flow for a prescribed plane blade cascade at high -subsonic ve- 
locities. Porsch. Ing.-Wcs. 24 (1958), Nr. 1, p. '19-28. 

14 . Adams, E.: Application of the Karman-Tsien rule to plane com- 

pressible cascade flows in the. subsonic range. Inst. f. Aero- 
dynamlk d. Dtsch. Porschungsanst . fur Luft- u. Raumfahrt Braun- 
schweig, 1956. (Report 56/31) 

15. Oswatitsch, K., and Ryhming, J.: The compressibility influence of 

plane blade cascades with high deflection. Ber. 28 d. Deutschen 
Versuchsanstalt f. Luftfahrt, Muiheim (Ruhr), 1957. 

16. Uchida, S.: Calculation of compressible cascade flow by the method 

of flux analysis. J. Aeron. Sci. 21 (1954), Nr. 4, p. 237-250. 

17. Emery, J. C., and Dunavant, J. C.: Two-dimensional cascade tests 

of NACA-65 -(c 3 _oA]_q) 10 blade sections of typical compressor . 
hub conditions for speeds up to choking. Nat. Adv. Comm. Aeron. 
(NACA) RM Nr. L 57 H 05, Washington, 1957- 

18. Aircraft Propulsion Data Book. Aircraft Gas Turbines Division 

General Electric. Cinclnnati’j . Ohio, 1956. 

19. Schmitz, P. W.; Aerodynamik des Plugmodells . Duisburg, C. Lange 

i960. : 

20. Abbott, I. H., Von Doenhoff, A. E., and Stivers, L. S., Summary 

of airfoil data. Nat. Adv. Comm. Aeron. (NACA), TR Nr. 824. 
Washington, 1954. i 

I 

21. Schlichting, H. : The variable .density high speed cascade wind tun- 

nel of the Deutsche Porschungsanst alt fur Luftfahrt Braunschweig. 
AGARD-Report Nr. 91 der Advisory Group for Aeron. Res. and De- 
velopment. Paris, 1956. 


29 



22 . 


Scholz, W. , and Hopkes, U. : |High velocity cascade ,wind tunnel 
of the German Research Facility for Aviation^ Braunschweig. 
Porsch. Ing.-¥es. 25 -(1959), Nr. 5, 'P* 133-14?. 

23 . Scholz, N.: Systematic Measurement for plane blade cascades. 

Z. Plugwiss, 4 ( 1956 ), Nr. 10, p. 313 - 333 . 

24. Parr, 0.: Measurement of the degree of turbulence in the wind 

tunnels of the Institute :5or Fluid Mechanics of the Technical 
University, Braunschweig, and the Institute for 'Aerodynamics 
of the DPL. Report 60/l4'of the Inst. f. Stromungsmechanik 
der Techn. Hochschule Brauns chvjeig, i 960 . See also Hebbel, 

Influence of Mach number and Reynolds number on the de- 
gree of turbulence of the 1 high velocity cascade wind tunnel. 
Report' 62/22 of the Inst. f. Aerodyanmik der Deutschen Forsch- 
ungsanstalt fur Luft- and Raumfahrt Braunschweig, 1962. 

25 . Hebbel, H. H. Influence of Mach number' and Reynolds number on 

Aerodynamic Parmaters of turbine blade cascades for different 
degrees of turbulence in the flow. Diss. Techn. Hochschule 
Braunschweig, I 962 . ¥111 appear soon in this Journal. 

26 . Kynast, 6.: Evaluation of wake measurements over blade cascades 

for compressible flow. To appear soon in this Journal. 

27 / Schlichtlng, H.: Grenzschicht-Theorie. (Boundary Layer Theory), 
3rd Edition, Karlsruhe, G. Braun. 1958. 

28 . Bursna'll^. ¥. J., and Loft-in', L. K. : Experimental Investigation 

of localized regions of laminar boundary-layer separation. 

Nat. Adv. Comm. Aeron., (NACA), TN Nr. 2338, ¥ashington, 1951. 

29 . Gruschwitz, E. : Approximate calculation of the laminar boundary 

layer in compressible flow over a non-heat conducting wall. 
Report No. 4? of the Office 'National d'Etudes et de Recherches 
Aeronautlque (ONERA), Paris, 1950). 

30 . Schlichtlng, H.: Calculation of frictionless incompressible flow 

for a prescribed plane blade cascade. VDE-Research Report 44?, 
Dusseldorf, VDI-Verlag, 1955. 


30 



